Abstract
Introduction

32
This study reports new experimental data on the complex electric properties of normal 33 and malignant human liver tissue. Measurement of the electric impedance properties of 34 tissue is not new and the fact that diseased and healthy tissues have different properties is 35 well known and used in medical applications. However, the field of bioengineering in 36 general and bioelectric engineering in particular has an abundance of theoretical or 37 technology papers, but lacks tissue property data -in particular human tissue data.
38
Therefore, it is our belief that any additional measured tissue data is a welcome is that published by Gabriel in 1996 (Gabriel et al., 1996a Gabriel et al., 1996b, c) . That published on EIT (electrical impedance tomography) of the breast. However, to the best 50 of our knowledge there are only two major studies which report data on the electric 51 properties of human breast cancer tissue (Surowiec et al., 1988; Jossinet and Schmitt, 52 1999). More comprehensive data on cancer tissue properties would have obvious benefits 53 as regards existing applications. Acquiring such data for the prostate and the breast is 54 currently the focus of the Dartmouth group (Halter et al., 2009b, a; Halter et al., 2009c) .
55
With regards to the liver there are several new treatments for cancer which require 56 knowledge of the electric properties of liver cancer tissue such as the treatment of cancer 57 by radiofrequency (RF) induced thermal ablation. In this minimally invasive form of 58 treatment, RF currents (around 400-500 KHz) are injected into the tumor to elevate the 59 temperature through a Joule heating effect to levels that ablate it (Curley et al., 1997; Goldberg, 2001) . Many computer models have been developed to simulate and explore 61 the behavior of electric fields in tumors and normal tissues (Haemmerich et al., 2003b; 62 Liu et al., 2005 ; Chang and Nguyen, 2004; Berjano, 2006 ) . These models show that the 63 ratio of healthy to malignant tissue electric conductivity has an important influence on the 64 outcome of the treatment (Liu et al., 2006; Solazzo et al., 2005) 
Materials and methods
103
EIS measurement
104
The measurements were performed using the four electrode method. The electrodes were 105 made from 26 gauge (0.463 mm) hypodermic stainless steel needles. The needles were 106 scratched using sandpaper to maximize their effective area and thus minimize their 107 interface impedance (Geddes, 1972) . Two types of configurations were made and can be 108 seen in Figure 1 . In the first configuration the needles were placed in a straight line with a All impedance measurements were performed using a custom-made impedance analyzer 118 embedded in a single Printed Circuit Board (PCB). The impedance analyzer architecture 119 is described in (Ivorra and Rubinsky, 2007 Bioimpedance is a diagnostic method based on the study of the passive electrical therefore typically separated into two parts:
where is the conductivity of the tissue (expressed in S/m), is the relative permittivity are the parameters that characterize the tissue, we first need to evaluate .
142
In a recent study by Gabriel (Gabriel et al., 2009) 
where is the complex resistivity given by = 1/ * where * = + 0 , ∞ is 187 the high frequency resistivity, 0 is the low frequency resistivity, is the characteristic 188 frequency, is the fractional power representing the depression of the circular arc from 189 the x-axis.
190
The four parameters ( 0 , ∞ , , ) were estimated with MATLAB's function fsolve using 191 the Levenberg-Marquardt method. As in (Halter et al., 2008 ) the quality of the estimation 192 was evaluated using the goodness criterion:
where and ( ) are the measured and estimated impedances at each frequency,
194
respectively, and is the number of frequencies (in our case 11).
195
The initial parameters were set in the following manner (Halter et al., 2008) :
Real part of impedance at the maximum frequency, 400 kHz. 
216
This would suggest that when adding independent and identically distributed (i.i.d) noise 217 to simulated data (for example in computer models) it would be better to use the Cole-
218
Cole model and add the noise to Cole-Cole parameters and not to the impedance values.
219
Given these considerations we decided to present the Cole-Cole parameters obtained 220 from both methods. The average and standard deviation of the electrical conductivity and 221 the relative permittivity can be found in Table 4 and are plotted in Figure 4 . As a 222 reference the data for normal liver from (Gabriel et al., 1996b) are also presented in 223 Figure 4 . The average impedance values can be seen in Figure 5 and the average 224 admittance in Figure 6 . The Cole-Cole parameters were also calculated for each of the 225 measurements. The average error between the model and the measured data was 0.1 ± 226 0.1 Ω (approximately 1%). A sample of these models can be seen in Figure 7 , and the 227 average and standard deviation are presented in Table 5 . (using methods similar to Electrical Impedance Tomography).
271
Another interesting fact was that while for all the healthy tissues a Cole-Cole model was 272 easily fit, the frequency response for some of the cancerous tissue was "flat" and thus the 273 model appeared not to fit. This phenomenon has been reported in previous studies
274
( Antoni and et al., 2009; Jossinet and Schmitt, 1999) and an example can be seen in 275 Figure 7 . This could influence the relatively large variability of parameter in the Cole-
276
Cole model.
277
The wide variability of the data in this study is a disturbing matter. We found the 278 variability to be around 25% for healthy tissue and 40% for cancerous tissue, while the 279 consistency of our equipment was better than 9% and on average around 5%. However,
280
similarly large variability is not unusual and has been reported in other studies as well
281
( Halter et al., 2009a; Jossinet and Schmitt, 1999) . A possible explanation can be found in in our data the variability was higher at the lower frequency range. This variability in the 289 lower frequency range, especially in the permittivity, could also be due to electrode 290 polarization which is more dominant in this frequency range. In four of the livers we 291 measured more than four areas and we calculated the standard deviation. We found it to 292 be 15% for healthy tissue and 25% for cancerous tissue. Since these measurements were 
Conclusion
306
The electrical conductivity and permittivity of ex-vivo malignant and healthy liver tissue 307 was measured. It was found that malignant tissue had higher conductivity values and a 308 lower phase response in the entire measured frequency range (1 kHz-400 kHz). These 309 data can be used for both bio-impedance needle guidance and to improve the RF ablation Table 4 Average conductivity and permittivity of normal, cancerous and cirrhotic tissues. 
